We report progress in the long-term effort to represent the interaction of the solar wind with the Earth's magnetosphere using a three-dimensional electromagnetic particle model (EMPM) as a Space Weather Model. MHD simulation models have been refined to establish quantitative global modeling in comparison with observations. The EMPM has become more feasible as the power and speed of supercomputers have improved in recent years.
the code is in FORTRAN and fully transportable: modest versions run on PCs and on workstations. The new version of the code has been applied to the study of the dynamics of low-β plasma clouds [34] , the whistler waves driven by the Spacelab-2 electron beam [35] , [36] , and the coalescence of two current loops [37] , [38] , [39] .
For the simulation of solar wind-magnetosphere interactions the following boundary conditions were used for the particles [11] , [12] , [24] , [40] , [41] , [42] : (1) Fresh particles representing the incoming solar wind were continuously injected across the y − z plane at x = x min with a thermal velocity plus a bulk velocity in the +x direction; (2) a thermal solar particle flux was also injected across the sides of their rectangular computation domain; (3) escaping particles were arrested in a buffer zone, redistributed there more uniformly by making the zone conducting in order to simulate their escape to infinity, and were finally written off. The EMPM used a simple model for the ionosphere in which both electrons and ions were reflected by the Earth's dipole magnetic field. The effects of a conducting ionospheric boundary will be developed in future simulations. The effects of the Earth's rotation were not included.
For the fields, boundary conditions were imposed just outside these zones [11] , [12] , [24] , [40] , [41] : radiation was prevented from being reflected back inward, following Lindman's ideas [33] . The lowest-order Lindman approximation was found adequate: radiation at easily.). The electron density is color coded and the magnetic field component in the plane is shown with arrows at every third grid point. The magnitude of the field has been scaled so as to make the field direction clearer for weak fields, so the length of the vectors is not a true representation of the field magnitude. The solar-wind particles flow from left to right. The dipole field is compressed on the side facing the solar wind and is extended to a long tail on the downwind side, just as the Earth's magnetic field is in the solar wind [40] , [41] , [42] , [11] , [12] , [24] . More particles penetrate into the magnetotail near the Earth in the case of southward IMF, as shown in Fig. 1 , than in the case with no IMF, as shown by Nishikawa et al. [42] . This is attributable to magnetic reconnection at the dayside magnetopause [43] , [44] , [45] , [46] . As shown in [11] , at 0.10 UT (1216) the near-Earth magnetotail clearly thins, a tearing instability starts to grow near x = 85 ∆(= −15 R E ), and the density is bunched in the magnetotail owing to this instability as shown in Fig. 1b. At 0.30 UT (1344) (Fig. 1c) electrons are evacuated from the reconnection region as found in an earlier simulation [21] .
To display magnetic reconnection at the dayside magnetopause and in the magnetotail, with the dipole magnetic field at the dayside magnetopause (Fig. 2a) . Figure 2b shows the X-point at the magnetopause at −0.10 UT (1088) [44] . The southward IMF is bent by the magnetosphere as shown in Figure 2c at 0.10 UT (1216). Figure 2c displays an interesting magnetic structure near the subsolar magnetopause. Three-dimensional analysis shows that the reconnection occurs three-dimensionally in the dayside magnetopause along the equator (see, for example, [47] ). At the same time stretched dipole magnetic fields are observed, particularly in Figure 2c . Furthermore, the magnetic fields are stretched in the magnetotail, which leads to the growth of a tearing instability there. Figure 2d shows magnetic reconnection occurring at 0.20 UT (1280), with the X-point located near
Dipolarization is one of the processes that is closely related to the generation of wedge currents [48] , [49] [50] . In these figures the maximum and minimum values are set so as to highlight the changes due to reconnection and to the dipolarization of the magnetotail.
The arrows represent the magnetic field (scaled to show the weaker fields). At 0.00 UT (1152) (Fig. 3a) the arrows show an ordinary stretched dipole magnetic field. Further stretching of the magnetic field is found in the weakening normal component (B z ) (still positive) in the central plasma sheet (Fig. 3b) . At 0.20 UT (1280) an X-point is created, marking the occurrence of reconnection around x = 85 ∆(= −15R E ) as shown in Fig. 3c . (Fig. 3c ) becomes more straight (less bowed) due to the dipolarization in Fig. 3d (this is seen more easily by drawing a vertical line at x = 79 ∆). As will be shown in Fig. 5 , the dipolarization coincides with the current decrease at 0.30 UT (1344).
The magnetic reconnection takes place around x = 85 ∆(= −15 R E ) (see Fig. 2d ). The tearing instability is excited by the combined effects of the reduced B z and the kinetic (drift kink) instability along the dawn-dusk direction. The identification of this instability requires further investigation with larger mass ratios and better resolutions. In order to June 15, 2000 DRAFT confirm that the kinetic instability is excited along the y (dawn-dusk) direction, the time evolution of the plasma sheet is examined in the dawn-dusk plane at x = −15 R E . [12] . Fig. 4a and 4b, the plasma sheet is kinked as found in localized 3-D simulations [7] , [21] , [51] , [52] . This structure is similar to Fig. 3 in [53] . The electron compressibility effect appears to have decreased due to the transport of plasma across flux tubes caused by the drift kink instability [7] , [11] , [12] , [21] . Consequently, the tearing instability grows rapidly. The northward closed magnetic field (see Fig. 4a ) is disturbed by the drift kink instability as shown in Fig. 4b . Finally, the reconnection takes place at x = 82 ∆(= −12 R E ) and the plasmoid is formed tailward (see, for example, [6] , [47] ). Therefore, the magnetic field at x = −12 R E is reversed to southward as shown in Fig. 4c and 4d . At the same time, due to the reconnection, the electrons are pushed away from the diffusion region and earthward plasma flows are generated. Figure 5 shows the evolution of the thinned current sheet with a southward IMF [11] , [12] .
At 0.10 UT (1216), when the front of the solar wind with the southward IMF has reached x = 104 ∆ (= −34 R E ), the magnetic field is thinned and the current density is intensified near the Earth (x < 87 ∆) as shown in Fig. 5a (see also 3d ) the region of high current density shifts toward the Earth and the distant tail (Fig. 5c ).
Then the current sheet becomes localized near the Earth as shown in Fig. 5d . It should be noted that the weak B z field and an anomalous resistivity due to the kinetic (drift kink)
instability [54] , [55] may excite the tearing instability [21] . Furthermore, simulations show that the sheet current in the near-Earth magnetotail decreases (disrupts), which may be DRAFT June 15, 2000 related to the current disruption that gives rise to the wedge current [54] , [55] . Fig. 6b . Therefore, the dawnward current is generated by the pressure (density) gradient [56] , [57] . At a later time ( in the diffusion region (see [59] ). A recent statistical study shows that the plasma-sheet flow appears to be strongly 'turbulent' (i.e. the flow is dominated by fluctuations that are unpredictable) [60] . Such turbulent magnetic fields have also been observed in association with the cross-field current instability in the near-Earth magnetotail [61] . Furthermore, it seems that null points are constantly being created and destroyed, which is consistent with the localized and sporadic nature of the reconnection signatures [52] , [58] , [62] , [63] , [64] .
This idea is supported by the remote observations of the properties of energetic particles accelerated in the course of short "reconnection pulses" [65] . The detailed temporal and spatial evolution of null points and its relationship with BBFs need to be investigated in the near future.
To investigate the increased particle population in the inner plasma sheet, the particles Few electrons come from further down the magnetotail (Figs. 8b and 8d). These particle drifts are consistent with the dawn-dusk electric field accompanying the southward IMF. Figure 9 displays results of a similar particle-traceback from the inner magnetosphere.
In order to check the immediate effects of the magnetic reconnection at the magnetopause and in the near-Earth magnetotail, Nishikawa [11] has investigated where particles come from into the inner magnetosphere (r < 6 R E )) at 0.30 UT (1344). As in Fig. 8, Fig. 9 shows the projections of ions (Fig. 9a, 9c , and 9e) and electrons ( shown in Fig. 8 . As shown in Fig. 2 , the magnetic reconnection occurring at the dayside magnetopause gives rise to strong and rapid particle entry into the inner magnetosphere.
It is clearly necessary to trace particles to investigate the particle dynamics more precisely; truly self-consistent particle dynamics can be studied only by particle simulations.
Northward to dawnward turning IMF
At −1.00 UT (768) [40] , [41] , [42] Fig. 11b) is an access region for magnetosheath plasma [24] , [66] . It is also a heating region for the plasma (electrons) as shown in Fig. 11d (duskside) indicating a large dawndusk asymmetry in the near-Earth magnetosphere [67] . In Fig. 11d , through the groove ((y, z) = (37 ∆, 41 ∆)(= (10 R E , −7 R E ))) magnetosheath plasma (electrons) has accessed the deep regions of the magnetosphere via field lines that go near the magnetopause and is heated [68] . Another figure (not shown here) shows that deep connection between the magnetopause flank weak-field region begins already on the dayside [24] , [66] . However, this deep connection is most fully recognized tailward of Earth, where it is best seen in cross-sectional views of the tail as in Fig. 12 . Figure 12 shows a dawn-dusk cross-section of the tail at x = 85 ∆(= −15 R E ) viewed from further down the tail at 2.00 UT (1920) [69] , [47] . (The subsolar line is located at (y, z) = (47.5 ∆, 48 ∆).) Contours of B x are shown in Fig. 12a , which outlines the tail and shows the northern (dark blue) and southern (dark red) lobes. The 'neutral line' is defined by the condition B x = 0. Note that the neutral sheet is well defined across the midplane of the tail, as expected, but that it also extends as a sharply defined feature along the southern dusk flank and less clearly along the northern dawn flank, which confirms the observation presented in [24] , [66] . The extended current sheet has a sigmoid shape. This geometrical structure is referred to as the cross-tail S [24] , [66] . The flank parts of the cross-tail S lie in the flank, weak-field region which is extended from the dayside magnetopause [24] , [66] . Other aspects of the cross-tail S are also seen in the contours of field strength |B| as shown in As expected from the large particle entry (shown in Fig. 11d ), electrons are injected into the inner magnetosphere from the duskside magnetopause which is also shown in the equa- [70] , [71] . Consequently, no reconnection occurs in the near-Earth magnetotail, so there may be no substorm onsets. However, particle injection takes place through the reconnection groove at the duskside magnetopause, which may be related to pseudo-substorm onsets [68] .
IV. Discussion
The results presented here show that even with the modest grid size of 215 by 95 by 95 cells, a three-dimensional fully kinetic model is able to portray the complete magnetosphere with some of the basic characteristics observed for southward and dawnward turning IMFs.
For southward IMF, the simulation results show reconnection taking place at the dayside magnetopause and increased particle entry into the magnetosphere. The structure, motion,
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and occurrence of magnetic reconnection at the dayside magnetopause have been observed [72] , [73] . Phan and Paschmann [72] observed that the normal velocity v n is nearly constant through the magnetopause (as shown in Fig. 9 in [72] ). In the case of southward IMF, since both the E and the B fields reverse, E × B will not reverse in the dayside magnetopause which is consistent with the observations. Therefore this reversed E field through the magnetopause current leads to nonzero ∇ × E. Investigation of this structure (∇ × E = 0) and its effects on particle diffusion (due to reconnections) requires further diagnosis, and improved simulations with better resolutions in space and time.
A southward IMF causes magnetic field stretching in the near-Earth plasma sheet. The cross-field current thins and intensifies, which excites a kinetic (drift kink) instability along the dawn-dusk direction. Note that theoretical analysis [15] , [16] , [74] and particle simulations [17] , [18] indicate that the collisionless tearing is stabilized by the electron compressibility which results from the finite normal magnetic component (B z ) in the central plasma sheet. The reduced B z with a kinetic (drift kink) instability in the central plasma sheet apparently allows the collisionless tearing to grow [21] . More precisely, the plasma transport across tubes caused by the kinetic (drift kink) instability appears to reduce the electron compressibility effect which allows the collisionless tearing instability to grow rapidly. Because of this collisionless tearing instability, magnetic reconnection takes place in the near-Earth magnetotail [52] , [58] , [75] . At the same time, the nightside magnetic field becomes dipolarized and a plasmoid is formed tailward (see, for example, [6] , [47] ). A thin, intense current sheet is formed initially and later weakens, as it is observed during substorm breakup and expansion [54] , [55] .
The 3-D fully kinetic model is also able to produce interesting results with a dawnward IMF. The simulation results show that, due to the dawnward IMF, magnetic reconnection takes place on the flanks of the dayside magnetopause [26] , [76] , [77] . On each flank, the null line runs tailward from a position near the dayside cusp. A fan of weak field emanates from the region of the dayside cusp and radiates tailward with the null line as its poleward border. This weak-field fan joins onto the plasma sheet and the current sheet to form the cross-tail S that structurally integrates the magnetopause and the tail interior as obtained by both the EMPM [24] and the MHD simulations [66] . This structure might
be a channel of direct entry from the magnetosheath plasma to plasma sheet, in which the entry process heats the magnetosheath plasma to plasma sheet temperatures. At this time step, no reconnection takes place in the near-Earth magnetotail due to the penetrated IMF B y component (as shown by the arrows in Figs. 12a and 12b ) [70] , [71] . The new geometrical features confirmed by the 3-D EM particle code (i.e. the weak-field fan on the flank and the cross-tail S) are seen also in maps compiled from IMP 8 data taken at 30 R E down the tail [47] , [69] .
These initial simulation results with the dawnward IMF suggest that the IMF B y component is essential for plasma entry [26] , [47] , [66] , [68] , [69] , [76] , [77] , [78] , [79] , [80] , [81] . The penetrated IMF B y component reduces the growth rate of the tearing instability, consequently it delays the occurrence of reconnection in the near-Earth magnetotail.
Therefore, it should be noted that the IMF B y component assists in determining the timing and intensity of substorms as described in the last section. Further simulations will be performed by selecting sets of time-varying solar wind conditions (especially direction).
As shown in Fig. 11d , the particle entry through the duskside magnetopause with the IMF B y component seems to contribute to "theta aurora" [67] , [82] ,
The results reported here suggest that fully three-dimensional electromagnetic particle simulation will become an important tool for the theoretical understanding of Earth's magnetosphere in the not-so-distant future. It is clearly necessary to use more realistic values of m i /m e with a larger system and more particles per cell, which relies on the future development of more powerful and faster supercomputers. This would help to establish more precisely the nature of the magnetic reconnection and associated phenomena and to clarify their relation to the observations. At present, however, scaling and grid size remain substantial problems. For example, in the simulations, the Debye length and the thickness of the bow shock are both of the order of an Earth radius, which is of the order of the grid spacing [11] , [12] , [24] . In the simulations reported here the ion inertial length is resolved, but the electron inertial and Debye lengths are poorly resolved. However, some form of scaling is usually needed in particle simulations, even in one and two dimensions, and yet such simulations are able to reveal some of the physics behind natural phenomena.
Further simulations featuring time-dependent IMFs (including B x , B y ) and plasma clouds are in progress and will be reported elsewhere.
This EMPM helps us to understand the fundamental physical processes that facilitate particle entry into the inner magnetosphere and ionosphere since particles are traced selfconsistently. One of the unique features of this model is that solar-wind particles are injected into the inner magnetosphere through the magnetopause and from the near-Earth magnetotail due to the reconnection and are accelerated self-consistently [11] , [12] , [24] .
Furthermore, the EMPM alone could include these processes well in collisionless regions from the upstream solar wind up to the upper ionosphere without the assistance of other codes. The inclusion of an ionospheric model needs to be developed with much better spatial resolution.
At the present time, the physics of particle entry through the magnetic reconnections with the different IMF directions are being investigated. Further analysis of the evolution of the magnetosphere at this fundamental level will lead to better understanding of substorms (storms) and of the associated particle entry and acceleration, which cause ionospheric disturbances.
In the future, case studies with realistic solar wind conditions obtained by WIND and ACE will be investigated. Post-analysis will be used to identify the scaling law. Due to the smaller mass ratio (at the present time m i /m e = 16), it is necessary to establish the correlation between the EMPM's results and observations. For example, by comparing accelerated particles injected into the inner magnetosphere with high energy particles observed by MPA instruments on geosynchronous satellites and the Defense Meteorological Satellite Program (DMSP), the model would be verified and its ability to forecast the intensity of substorms and storms could be demonstrated. Already, in the present models, the partial ring current is formed. However, in order to properly account for the ring current during substorms and storms, the simulation parameters need to be adjusted.
Particle codes would be able to reveal the self-consistent evolution of ring currents.
In two decades, the MHD simulations have been refined to establish quantitative global modeling [2] , [3] , [5] , [83] , [84] . In order to refine the EMPM for quantitative modeling, several major developments have to be made. One of the major necessary developments is to adapt the model for use on more powerful supercomputers such as Cray T3E and
ORIGIN2000 in order to improve spatial and temporal resolutions (with increased mass ratio, i.e., ≈ 100). A code has been developed using High Performance Fortran (HPF) on ORIGIN2000. Consequently, the physics involved in its model will be improved, which will give further verification of the model.
The second important development is to refine the code itself, for instance with a better simulation boundary condition (in the solar wind far from the Earth), and by inclusion of the ionosphere. In order to investigate substorms it is essential to implement the ionosphere which reflects the extreme temporal variability of the magnetosphere and the coupled processes. The present mirror-forced model will be replaced by a simplified ionosphere model where particles injected into the ionosphere are trapped and ionospheric particles are ejected into the magnetosphere. The surface of the model ionosphere will be made conductive to simulate the ionospheric conductivity. This development requires intensive collaboration with ionospheric theorists and experimenters.
As described previously, a new improved EMPM needs to be tested and verified. With a different mass ratio, a new scaling law needs to be found to establish better quantitative modeling based on the observations.
As the global MHD models become an integrated part of many experimental studies, the EMPM will be also involved with these studies. In particular, Cluster II, the Magneto- The magnetic field lines are traced from near the Earth (r = 3 ∆ (≈ 3 R E )) and the subsolar line in the dayside and the magnetotail. Some magnetic field lines are moved dawnward or duskward. The tracing was terminated after a preset number of tracing points or at a preset minimum strength of the total magnetic field ( Fig. 1 in [11] ). (Fig. 1 in [24] ). 
